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SEMCONDUCTOR DEVICES AND 
METHODS OF MANUFACTURE THEREOF 

0001. This application is a divisional of patent application 
Ser. No. 12/269,783, entitled “Semiconductor Devices and 
Methods of Manufacture Thereof filed on Nov. 12, 2008, 
which application is incorporated herein by reference. Patent 
application Ser. No. 12/269,783 is a divisional of patent appli 
cation Ser. No. 1 1/273,747, entitled “Semiconductor Devices 
and Methods of Manufacture Thereof filed on Nov. 15, 
2005, which application is incorporated herein by reference. 

TECHNICAL FIELD 

0002 The present invention relates generally to semicon 
ductor devices, and more particularly to transistors having 
multiple gates and methods of manufacture thereof. 

BACKGROUND 

0003. Semiconductor devices are used in a variety of elec 
tronic applications, such as personal computers, cellphones, 
digital cameras, and other electronic equipment, as examples. 
Semiconductor devices are typically fabricated by sequen 
tially depositing insulating or dielectric layers, conductive 
layers, and semiconductive layers of material overa semicon 
ductor Substrate, and patterning the various layers using 
lithography to form circuit components and elements 
thereon. 
0004. A transistor is an element that is utilized extensively 
in semiconductor devices. There may be millions of transis 
tors on a single integrated circuit (IC), for example. A com 
mon type of transistor used in semiconductor device fabrica 
tion is a metal oxide semiconductor field effect transistor 
(MOSFET). Conventional MOSFETs have one gate elec 
trode that controls a channel region, and are often referred to 
as single gate transistors. Early MOSFET processes used one 
type of doping to create single transistors that comprised 
either positive or negative channel transistors. Other more 
recent designs, referred to as complementary MOS (CMOS) 
devices, use both positive and negative channel devices, e.g., 
a positive channel metal oxide semiconductor (PMOS) tran 
sistor and a negative channel metal oxide semiconductor 
(NMOS) transistor, in complementary configurations. 
0005 Conventional bulk single-gate planar MOSFET 
devices cannot achieve the requested performance for future 
technology nodes of 45 nm or beyond. The classic bulk device 
concept is based on a complex three-dimensional doping 
profile, which includes channel implantation, Source and 
drain region implantation, lightly doped drain (LDD) exten 
sion implantation, and pocket/halo implantation processes, 
which are not further scalable down in size, because of an 
increase in dopant fluctuations and stronger parasitic short 
channel effects, due to lack of potential control in the channel 
region and the deep substrate. Therefore, the ITRS Roadmap, 
e.g., disclosed in the 2002 edition of International Technol 
ogy Roadmap for Semiconductors (ITRS), which is incorpo 
rated herein by reference, has proposed two novel design 
concepts: a fully depleted planar silicon-on-insulator (SOI) 
MOSFET device, and a vertical multiple-gate finFET (fin 
field effect transistor) or tri-gate device. 
0006 Thus, transistors with multiple gates are an emerg 
ing transistor technology. A double gate transistor has two 
parallel gates that face each other and control the same chan 
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nel region. A finFET is a vertical double gate device, wherein 
the channel comprises a vertical fin comprising a semicon 
ductor material, typically formed on a silicon-on-insulator 
(SOI) substrate. The two gates of a finFET are formed on 
opposing sidewalls of the vertical fin. A tri-gate transistor has 
three gates that control the same channel region, e.g., the 
channel comprises the vertical fin, two of the gates are formed 
on the sides of the vertical fin, and a third gate is formed on the 
top of the fin. A finFET structure is similar to a tri-gate 
transistor, with the third gate being blocked by an insulating 
material or hard mask disposed on top of the fin. FinFETs and 
tri-gate transistors, and some of the manufacturing challenges 
of forming them, are described in a paper entitled, "Turning 
Silicon on its Edge: Overcoming Silicon Scaling Barriers 
with Double-Gate and FinFET Technology.” by Nowak, E.J., 
et al., in IEEE Circuits & Devices Magazine, January/Febru 
ary 2004, pp. 20-31, IEEE, which is incorporated herein by 
reference. 
0007 FinFETs and tri-gate transistors may be used to 
form CMOS devices. One or more finFETs can be used as a 
PMOS and/or NMOS transistor: often, two or more fins in 
parallel are used to form a single PMOS or NMOS transistor. 
FinFETs can be scaled or reduced in size more aggressively 
than planar transistor structures, and show lower gate-in 
duced drain leakage (GIDL) current, as described in a paper 
entitled, “Extremely Scaled Silicon Nano-CMOS Devices.” 
by Chang, L., et al., in Proceedings of the IEEE, November 
2003, Vol. 91, No. 11, pp. 1860-1873, IEEE, which is incor 
porated herein by reference. However, multiple gate transis 
tors such as finFETs are more difficult and complicated to 
manufacture than planar CMOS devices, and they require 
distinctly different materials and introduce a variety of pro 
cessing challenges. 
0008 Furthermore, it is important to design CMOS 
devices so that a symmetric threshold voltage V, for the 
NMOS and PMOS transistors of the CMOS device is 
achieved. However, it is difficult to find materials, device 
structures, and manufacturing processes that will achieve a 
symmetric threshold Voltage V, as devices are made smaller, 
and particularly for advanced transistor designs having mul 
tiple gates. 
0009. Thus, what are needed in the art are improved struc 
tures and manufacturing processes for multiple gate transis 
tOrS. 

SUMMARY OF THE INVENTION 

0010. These and other problems are generally solved or 
circumvented, and technical advantages are generally 
achieved, by preferred embodiments of the present invention, 
which provide novel designs and methods of manufacture for 
multiple gate CMOS transistors. A different gate dielectric 
material is used for a multiple gate PMOS transistor than for 
a multiple gate NMOS transistor. The multiple gate CMOS 
device comprises a Substantially symmetric threshold Voltage 
V, for the PMOS and NMOS transistors. 
0011. In accordance with a preferred embodiment of the 
present invention, a semiconductor device includes a work 
piece, the workpiece including a first region and a second 
region proximate the first region. A first transistor is disposed 
in the first region of the workpiece. The first transistor 
includes at least two first gate electrodes, and a first gate 
dielectric is disposed proximate each of the at least two first 
gate electrodes, the first gate dielectric comprising a first 
material. A second transistor is disposed in the second region 
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of the workpiece. The second transistor includes at least two 
second gate electrodes, and a second gate dielectric is dis 
posed proximate each of the at least two second gate elec 
trodes. The second gate dielectric comprises a second mate 
rial, wherein the second material is different than the first 
material. 
0012. The foregoing has outlined rather broadly the fea 
tures and technical advantages of embodiments of the present 
invention in order that the detailed description of the inven 
tion that follows may be better understood. Additional fea 
tures and advantages of embodiments of the invention will be 
described hereinafter, which form the subject of the claims of 
the invention. It should be appreciated by those skilled in the 
art that the conception and specific embodiments disclosed 
may be readily utilized as a basis for modifying or designing 
other structures or processes for carrying out the same pur 
poses of the present invention. It should also be realized by 
those skilled in the art that Such equivalent constructions do 
not depart from the spirit and scope of the invention as set 
forth in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 For a more complete understanding of the present 
invention and the advantages thereof, reference is now made 
to the following descriptions taken in conjunction with the 
accompanying drawings, in which: 
0014 FIGS. 1 through 6 show cross-sectional views of 
semiconductor devices at various stages of manufacturing in 
accordance with preferred embodiments of the present inven 
tion, wherein multiple gate CMOS devices comprise a mul 
tiple gate PMOS transistor having a first gate dielectric mate 
rial and a multiplegate NMOS transistor having a second gate 
dielectric material, wherein the first gate dielectric material 
and the second gate dielectric material comprise different 
materials; 
0015 FIGS. 7 through 12 show cross-sectional views of 
semiconductor devices at various stages of manufacturing in 
accordance with other preferred embodiments of the present 
invention, wherein multiple gate PMOS transistors have a 
different gate dielectric material and also may have a different 
gate material than multiple gate NMOS transistors; 
0016 FIGS. 13 through 17 show cross-sectional views of 
semiconductor devices at various stages of manufacturing in 
accordance with other preferred embodiments of the present 
invention, wherein multiple gate PMOS transistors have a 
different gate dielectric material and also may have a different 
gate material than multiple gate NMOS transistors; 
0017 FIG. 18 shows a finFET device in accordance with 
embodiments of the present invention, after the formation of 
upper metallization and insulating layers over the finFET 
device; 
0018 FIG. 19 shows a fin structure of the finFET device 
shown in FIG. 18 in a view perpendicular to the view shown 
in FIG. 18: 
0019 FIG. 20 shows an embodiment of the present inven 
tion implemented in a tri-gate FET; and 
0020 FIG. 21 shows an embodiment of the present inven 

tion, wherein a thin layer of silicon is formed over the gate 
dielectric material of a finFET device in accordance with an 
embodiment of the present invention, after forming different 
gate dielectric materials over the NMOS and PMOS devices. 
0021 Corresponding numerals and symbols in the differ 
ent figures generally refer to corresponding parts unless oth 
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erwise indicated. The figures are drawn to clearly illustrate 
the relevant aspects of the preferred embodiments and are not 
necessarily drawn to scale. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

0022. The making and using of the presently preferred 
embodiments are discussed in detail below. It should be 
appreciated, however, that the present invention provides 
many applicable inventive concepts that can be embodied in a 
wide variety of specific contexts. The specific embodiments 
discussed are merely illustrative of specific ways to make and 
use the invention, and do not limit the scope of the invention. 
0023. In electronics, the “work function' is the energy, 
usually measured in electron Volts, needed to remove an 
electron from the Fermi level to a point an infinite distance 
away outside the surface. Workfunction is a material property 
of any material, whether the material is a conductor, semi 
conductor, or dielectric. The work function of a semiconduc 
tor material can be changed by doping the semiconductor 
material; for example, undoped polysilicon has a work func 
tion of about 4.65 eV, whereas polysilicon doped with boron 
has a work function of about 5.15 eV. 
0024. In general, when used as a gate dielectric of a tran 
sistor, high-kgate dielectric materials yield a lower gate leak 
age current than the SiO gate dielectric materials with the 
same effective oxide thickness (EOT). However, in order to 
make high-kgate dielectric materials useful in CMOS appli 
cations, the threshold voltage V, should be symmetrical (e.g., 
V, 0.3V and V, -0.3V), which cannot be achieved by the 
use of a single type of high k material for a gate dielectric 
material of a PMOS and NMOS device, because of the Fermi 
pinning effect of the high k material. The high k materials 
have been found to pin the work function of the PMOS and 
NMOS transistors at undesirable values, regardless of 
whether a metal and/or semiconductive material is used as a 
gate electrode material. 
0025. The work function of a polysilicon gate using H?O. 
which is one example of a high k dielectric material, as a gate 
dielectric material has been found to be pinned at a point close 
to the conduction band of polysilicon, which makes the poly 
silicon function as n-type polysilicon, even for polysilicon 
doped with a p-type dopant. See Hobbs, C., et al., in a paper 
entitled “Fermi Level Pinning at the PolySi/Metal Oxide 
Interface.” published in the 2003 Symposium on VLSI Tech 
nology Digest of Technical Papers, June 2003, which is incor 
porated herein by reference. 
0026. For non-classical CMOS structures, such as a fin 
FET or multiple gate MOSFET, the channel is normally 
lightly doped to gain a mobility benefit. Therefore, the work 
function requirement for the gate electrode is different for a 
multiple gate device than for a planar CMOS structure. For 
the traditional planar structure, the use of high k dielectric 
materials as a gate dielectric material will require near band 
edge work functions for the NMOS and PMOS device, for 
example. 
0027. What are needed in the art are methods of using high 
k dielectric materials in multiple gate transistors, wherein the 
work functions are adjustable to achieve a symmetric V, for a 
multiplegate CMOS device. 
(0028. For multiple gate CMOS devices such as finFETs 
and tri-gate devices, it is recognized herein that an NMOS 
multiple gate FET and a PMOS multiple gate FET need to 
have a work function that is about 0.1 eV to 1 eV apart from 
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a mid-gap work function of about 4.6 eV. For example, a 
multiple gate nFET may require a work function of about 4.4 
eV. and a multiple gate pFET device may require a work 
function of about 4.8 eV. (+/-0.2 of 4.6 eV) in order to achieve 
a symmetric V, for the multiple gate NMOS and PMOS 
devices. 

0029. The present invention will be described with respect 
to preferred embodiments in a specific context, namely fin 
FET CMOS transistors. Embodiments of the present inven 
tion may also be applied, however, to other semiconductor 
device applications where two or more multiple gate transis 
tors are used. Such as a tri-gate device. Note that in the 
drawings shown, only one PMOS device and one NMOS 
device are shown; however, there may be many multiple gate 
PMOS and NMOS devices formed during each of the manu 
facturing processes described herein. 
0030 Embodiments of the invention comprise forming a 
semiconductor device having two multiple gate transistors, 
wherein a first multiple gate transistor comprises a first gate 
dielectric, and wherein a second multiplegate transistor com 
prises a second gate dielectric. The second gate dielectric 
comprises a different material than the first gate dielectric. 
The material of the first gate dielectric and second gate dielec 
tric is chosen based on the desired work function and V, of the 
first and second multiple gate transistors. 
0031. Several preferred embodiments of methods of 
manufacturing semiconductor devices will be described 
herein. FIGS. 1 through 6 show cross-sectional views of a 
semiconductor device 100 at various stages of manufacturing 
in accordance with a preferred embodiment of the present 
invention, wherein a CMOS device comprises a multiplegate 
PMOS transistor and NMOS transistor having different gate 
dielectric materials. With reference now to FIG. 1, there is 
shown a semiconductor device 100 in a cross-sectional view 
including a workpiece 102. The workpiece 102 preferably 
comprises a silicon-on-insulator (SOI) substrate. The SOI 
substrate includes a first layer of semiconductive material 101 
that comprises a substrate, a buried insulating layer 103 or 
buried oxide layer disposed over the first layer of semicon 
ductive material 101, and a second layer of semiconductive 
material 105 disposed over the buried insulating layer 103, for 
example. The workpiece 102 may include a semiconductor 
Substrate comprising silicon or other semiconductor materi 
als covered by an insulating layer, for example. The work 
piece 102 may also include other active components or cir 
cuits, not shown. The workpiece 102 may comprise silicon 
oxide over single-crystal silicon, for example. The workpiece 
102 may include other conductive layers or other semicon 
ductor elements, e.g., transistors, diodes, etc. Compound 
semiconductors, GaAs, InP, Si/Ge, or SiC., as examples, may 
be used in place of silicon. The workpiece 102 may be doped 
with P type dopants and N type dopants, e.g., to form Pwells 
and N wells, respectively (not shown). The second layer of 
semiconductor material 105 may comprise silicon (Si) having 
a thickness of about 100 nm, for example, although alterna 
tively, the second layer of semiconductor material 105 may 
comprise other materials and dimensions. 
0032. The workpiece 102 includes a first region 104 and a 
second region 106. The first region 104 comprises a region 
where a first transistor comprising a multiple gate PMOS 
device or PMOSFET, as examples, will be formed. The sec 
ond region 106 comprises a region where a second transistor 
comprising a multiplegate NMOS device or NMOSFET will 
be formed, as examples. The PMOS device and NMOS 
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device are not shown in FIG. 1: see FIG. 6. The first region 
104 and the second region 106 may be separated by an 
optional shallow trench isolation (STI) region (not shown in 
FIG. 1; see FIG. 19 at 350, for example). The first region 104 
may be lightly doped with n type dopants, and the second 
region 106 may be lightly doped with p type dopants. In 
general, the workpiece 102 is doped with n orp type dopants 
depending on whether the junctions of the transistor to be 
formed will be p or n type, respectively. 
0033. A hard mask 108/110/112 is formed over the work 
piece 102 (not shown in FIG. 1; see FIG. 2 where the hard 
mask 108/110/112 has already been patterned). The hard 
mask 108/110/112 comprises a first oxide layer 108 compris 
ing about 5 nm or less of SiO, formed over the workpiece 102. 
A nitride layer 110 comprising about 20 nm of SiN, is 
formed over the first oxide layer 108. A second oxide layer 
112 comprising about 20 nm or less of SiO, is formed over the 
nitride layer 110. Alternatively, the hard mask 108/110/112 
may comprise other materials and dimensions, for example. 
0034. The hard mask 108/110/112 is patterned using 
lithography, e.g., by depositing a layer of photoresist (not 
shown) over the hard mask 108/110/112, exposing the layer 
of photoresist to energy using a lithography mask, developing 
the layer of photoresist, and using the layer of photoresist as 
a mask to pattern the hard mask 108/110/112, for example. 
The hard mask 108/110/112, and optionally, also the layer of 
photoresist are used as a mask to pattern the second layer of 
semiconductive material 105 of the workpiece 102, as shown 
in FIG. 2. The buried insulating layer 103 may comprise an 
etch stop layer for the etch process of the second layer of 
semiconductive material 105, for example. A top portion of 
the buried insulating layer 103 may be removed during the 
etch process of the second layer of semiconductive material 
105, as shown. For example, the buried insulating layer 103 
may have a thickness of about 150 nm, and may be etched by 
about 15 nm or less. 

0035. The second layer of semiconductor material 105 of 
the SOI substrate or workpiece 102 forms vertical fins of 
semiconductor material 105 extending in a vertical direction 
away from a horizontal direction of the workpiece 102. The 
fin structures 105 will function as the channels of PMOS and 
NMOS devices, to be described further herein. The fin struc 
tures 105 have a thickness that may comprise about 50 nm or 
less, as an example, although alternatively, the fins may com 
prise other dimensions. For example, the thickness of the fin 
structures 105 may comprise about 5 to 60 nm, or less, in 
Some applications. As another example, the thickness of the 
fin structures 105 may be larger, having a thickness of about 
100 to 1,000 nm, as another example. The thickness of the fin 
structures 105 may vary as a function of the channel doping 
other dimensions of the fin structures 105, as examples, 
although other parameters may also have an effect on the 
determination of the dimension of the fin structure 105 thick 
CSS. 

0036. The fin structures 105 have a height that is substan 
tially equivalent to the thickness of the second layer of semi 
conductor material 105, for example. Only two fin structures 
105 are shown in the first region 104 and the second region 
106 of the semiconductor device 100; however, there may be 
many fin structures 105, e.g., about 1 to 200 fin structures in 
each first region 104 and second region 106, e.g., for each 
PMOS and NMOS device, although alternatively, other num 
bers offin structures 105 may be used. 



US 2010/0129.968 A1 

0037. The workpiece 102 is preferably cleaned using a 
pre-gate clean process to remove any contaminants or native 
oxide from the top surface of the workpiece 102, e.g., the fin 
structures 105 and buried oxide 103, and also the hard mask 
108/110/112. The pre-gate treatment may comprise an HF. 
HCl, or OZone based cleaning treatment, as examples, 
although the pre-gate treatment may alternatively comprise 
other chemistries. 

0038 A first material 120 is deposited over the fin struc 
tures 105 and the patterned hard mask 108/110/112 disposed 
over the fin structures 105, as shown in FIG. 2. The first 
material 120 preferably comprises a high-k dielectric mate 
rial having a dielectric constant of about 4.0 or greater, in one 
embodiment. The first material 120 preferably comprises 
HfO, HfSiO, Al-O, ZrO, ZrSiO, Ta-Os, La O, SiO, 
TiO, CeO, BiSiO, WO, Y.O., LaAIO, BST (Ba 
Sr, TiO), PST (PbSc, Ta-Os), nitrides thereof, SiN 
SiON, HfAIO, HfAIO.N., ZrAIO, ZrAIO, N, SiAIO, 
SiAIO, N, H?SiAIO, H?SiAIO, N, ZrSiAIO, ZrSiA 
ION, PZN (PbZn,NbO.), PZT (PbZr, TiO,), PMN 
(PbMg,NbO.) combinations thereof, or multiple layers 
thereof, as examples, although alternatively, the first material 
120 may comprise other high k insulating materials or other 
dielectric materials. The first material 120 preferably com 
prises a hafnium-based dielectric in some embodiments. The 
first material 120 may comprise a single layer of material, or 
alternatively, the first material 120 may comprise two or more 
layers. In one embodiment, one or more of these materials can 
be included in the first material 120 in different combinations 
or in stacked layers. 
0039. The first material 120 may be deposited by chemical 
vapor deposition (CVD), atomic layer deposition (ALD), 
metal organic chemical vapor deposition (MOCVD), physi 
cal vapor deposition (PVD). orjet vapor deposition (JVD), as 
examples, although alternatively, the first material 120 may 
be deposited using other Suitable deposition techniques. The 
first material 120 preferably comprises a thickness of about 
10 A to about 70 A in one embodiment, although alterna 
tively, the first material 120 may comprise other dimensions, 
such as about 80 A or less, as an example. In one embodiment, 
the first material 120 preferably comprises a hafnium-based 
material, for example. In another embodiment, the first mate 
rial 120 preferably comprises La, for example. 
0040. A second material 122 is deposited over the first 
material 120, as shown in FIG. 2. The second material 122 
preferably comprises a high-k dielectric material having a 
dielectric constant of about 4.0 or greater, in one embodiment. 
The second material 122 preferably comprises Hfo, HfSiO, 
Al2O, ZrO, ZrSiO, Ta-Os, La-Os, SiO, TiO, CeO2, 
BiSiO, WO, Y.O., LaAIO, BST (Ba-Sr, TiO,). PST 
(PbSc, Ta-O.), nitrides thereof, SiN. SiON. HfAIO, 
HfAIO.N., ZrAIO, ZrAIO.N. SiAIO, SiAIO.N. 
HiSiAIO, HFSAION, ZrSiAIO, ZrSiAION, PZN 
(PbZn,NbO.), PZT (PbZr, TiO,), PMN (PbMg,Nb, 
a)O), combinations thereof, or multiple layers thereof, as 
examples, although alternatively, the second material 122 
may comprise other high k insulating materials or other 
dielectric materials. The second material 122 preferably com 
prises a hafnium-based dielectric in some embodiments. The 
second material 122 may comprise a single layer of material, 
or alternatively, the second material 122 may comprise two or 
more layers. 
0041. The second material 122 may be formed using the 
deposition techniques described for the first material 120, for 

May 27, 2010 

example. The second material 122 preferably comprises a 
thickness of about 1 A to about 50 A in one embodiment, 
although alternatively, the second material 122 may comprise 
other dimensions, such as about 80 A or less, as an example. 
In one embodiment, the second material 122 preferably com 
prises an aluminum-based material, for example. In another 
embodiment, the second material 122 preferably comprises a 
Fermi-pinning material Such as an aluminum-containing 
material disposed at the top Surface thereof, for example. In 
some embodiments, e.g., in FIGS. 13-17, the second material 
322 preferably comprises Y, for example. 
0042. Referring again to FIG. 2, the second material 122 is 
removed from over the second region 106 of the workpiece 
102. This may be accomplished by depositing a hard mask 
124 over the entire surface of the workpiece 102, over the 
second material 122. The hard mask 124 preferably com 
prises a layer of polysilicon, silicon dioxide, tetraethoxysilate 
(TEOS), silicon nitride, or combinations or multiple layers 
thereof, as examples, although alternatively, the hard mask 
124 may comprise other materials. The hard mask 124 pref 
erably comprises a thickness of about 200 to 1,000 A, for 
example, although alternatively, the hard mask 124 may com 
prise other dimensions. The hard mask 124 may be deposited 
by plasma-enhanced chemical vapor deposition (PECVD) or 
by other suitable deposition techniques, as examples. 
0043. The hard mask 124 is removed from over the second 
region 106 of the workpiece 102, e.g., using lithography. For 
example, a layer of photoresist (not shown) may be deposited 
over the hard mask 124, the layer of photoresist is patterned 
and developed, and then the layer of photoresist is used as a 
mask while portions of the hard mask 124 in the second 
region 106 are etched away. The hard mask 124 may be 
removed using a wet and/or dry etch process, for example. 
The layer of photoresist is then stripped away or removed. 
0044) Next, the hard mask 124 is then used as a mask while 
the second material 122 is removed or etched away from the 
second region 106 of the workpiece, as shown in FIG. 3. 
0045. In some embodiments, a third material 120' is then 
deposited over the hard mask 124 in the first region 104 of the 
workpiece 102 and over the first material 120 in the second 
region 106 of the workpiece 102, as shown in FIG. 4. The 
third material 120' preferably comprises a high-k dielectric 
material having a dielectric constant of about 4.0 or greater, in 
one embodiment. The third material 120' preferably com 
prises Hf(), HfsiO, Al-O, ZrO, ZrSiO, Ta-Os, La O. 
SiO, TiO, CeO, BiaSiO2, WO, Y.O. LaAlO, BST 
(Ball,Sr, TiO4). PST (PbSe, Ta-Os), nitrides thereof, 
SiN, SiON, HfAIO, HfAIO, N, ZrAIO, ZrAION, 
SiAIO, SiAIO.N., H?SiAIO, HfSiAION, ZrSiAIO, 
ZrSiAION, PZN (PbZn,NbO,), PZT (PbZr,Ti, O.), 
PMN (PbMg,NbO4), combinations thereof, or multiple 
layers thereof, as examples, although alternatively, the third 
material 120' may comprise other high kinsulating materials 
or other dielectric materials. The third material 120' may 
comprise a single layer of material, or alternatively, the third 
material 120' may comprise two or more layers. The third 
material 120' may be formed using the deposition techniques 
described for the first material 120, for example. The third 
material 120' preferably comprises a thickness of about 1 A to 
about 50 A in one embodiment, although alternatively, the 
third material 120' may comprise other dimensions, such as 
about 80 A or less, as an example. 
0046. In one embodiment, the third material 120' prefer 
ably comprises a hafnium-based material, for example. In 
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another embodiment, the third material 120' preferably com 
prises the same material as the first material 120, for example. 
The third material 120" may comprise a re-fill of the first 
material 120, as another example. In another embodiment, the 
third material 120' preferably comprises Y, for example. 
0047. The hard mask 124 is then removed from over the 
workpiece 102 in the first region 104. The third material 120' 
is removed from over the hard mask 124 during the removal 
of the hard mask 124, e.g., in a lift-off technique. 
0048. A first gate material 126 is deposited over the second 
material 122 in the first region 104 of the workpiece 102 and 
over the third material 120' in the second region 106 of the 
workpiece 102, as shown in FIG.5. The first gate material 126 
preferably comprises a metal, although alternatively, semi 
conductive materials may be used for the first gate material 
126. The first gate material 126 may comprise TiN, TiCN, 
HfN, TaN, W, A1, Ru, RuN, RuSiN, RuTa, TaSiN, TiSiN, 
TaCN, NiSi, CoSi TiSi, Ir, Y, Pt, Ti, PtTi, Pd, Re, Rh, 
(borides, phosphides, or antimonides of Ti), Hf, Zr, TiAIN. 
Mo, MoN, ZrSiN, ZrN, HfN, HfSiN, WN, Ni, Pr, VN, Tiw, 
LaN, LaSiN. WSiN, WSi, polysilicon, a partially silicided 
material, a fully silicided material (FUSI), other metals, and/ 
or combinations and multiple layers thereof, as examples. 
The first gate material 126 may be deposited using CVD. 
PVD, ALD, or other deposition techniques, as examples. The 
first gate material 126 preferably comprises a thickness of 
about 10 to 1,000 A, although alternatively, the first gate 
material 122 may comprise other dimensions, for example. 
0049. If the first gate material 126 comprises FUSI, for 
example, polysilicon may be deposited over the second mate 
rial 122 and third material 120', and a metal such as nickel 
may be deposited over the polysilicon, although other metals 
may be used. The workpiece 102 may then be heated to about 
600 or 700 degrees C. to form a single layer of nickel silicide 
126 as a gate material. Alternatively, different process condi 
tions may be used to form other phases of nickel silicide, for 
example. Due to the Fermi pinning effect, the work function 
is stable even if different phases of nickel silicide with differ 
ent work functions are present at the same time, for example. 
0050. In the embodiment shown in FIGS. 1 through 5, the 

first gate material 126 preferably comprises a metal, and an 
optional second gate material 128 is deposited over the first 
gate material 126, as shown in FIG. 5. The second gate mate 
rial 128 preferably comprises a semiconductive material such 
as polysilicon. Thus, the gates of the multiple gate transistors 
formed comprise a stack of a metal underlayer in this embodi 
ment, e.g., first gate material 126, with a polysilicon cap layer, 
e.g., the second gate material 128 disposed over the metal 
underlayer 126, forming a gate electrode stack 126/128. 
Alternatively, the gates of the transistors may comprise a 
combination of a plurality of metal layers that form a gate 
electrode stack, for example, not shown. 
0051. Next, the manufacturing process for the multiple 
gate transistor device is continued. For example, the second 
gate material 128, the first gate material 126, the third mate 
rial 120', the second material 122, and the first material 120 
are patterned to form a multiple gate transistor device. For 
example, portions of the second gate material 128, the first 
gate material 126, the second material 122, and the first mate 
rial 120 may be left residing in the first region 104 after the 
patterning process to form a multiple gate PMOS device 
comprising one or more of the fin structures 105. A single 
PMOS device in the first region 104 may comprise a plurality 
offin structures 105 covered by the first material 120, second 
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material 122, first gate material 126, and the second gate 
material 128. The first material 120 and the second material 
122 comprise a first gate dielectric of the PMOS device in the 
first region 104, and the first gate material 126 and the second 
gate material 128 comprise two first gate electrodes, e.g., on 
the sidewalls of the fin structures 105 of the PMOS device. 
Likewise, portions of the second gate material 128, the first 
gate material 126, the third material 120', and the first material 
120 may be left residing in the second region 106 after the 
patterning process to form a multiple gate NMOS device 
comprising one or more of the fin structures 105. A single 
NMOS device may comprise a plurality offin structures 105 
covered by the first material 120, third material 120', first gate 
material 126, and the second gate material 128. The first 
material 120 and the third material 120' comprise a second 
gate dielectric of the NMOS device in the second region 106, 
and the first gate material 126 and the second gate material 
128 comprise two second gate electrodes, e.g., on the side 
walls of the fin structures 105 of the NMOS device. The 
PMOS device in the first region 104 and the NMOS device in 
the second region 106 comprise a multiple gate CMOS 
device. FIGS. 18 and 19 show a completed device in accor 
dance with a preferred embodiment of the present invention, 
for example, to be described further herein. 
0052. The fin structures 105 form the channels of the mul 
tiple gate transistors. Two gate electrodes are formed on each 
fin structure 105. For example, referring to FIG. 5, one gate 
electrode is formed on a left side of the fin structure 105 
another gate electrode is formed on the right side of the fin 
structure 105. Thus, two gate electrodes are formed over each 
fin structure 105, and a gate dielectric (e.g., either first mate 
rial 120 and second material 122 in region 104, or first mate 
rial 120 and third material 120" in region 106) resides between 
the gate electrodes and the channels of the fin structure 105. 
0053. Thus, a multiple gate CMOS device is formed, 
wherein the PMOS transistor in the first region 104 comprises 
a gate dielectric 120/122 comprising a different material than 
the gate dielectric 120/120' of the NMOS transistor in the 
second region 106, in accordance with an embodiment of the 
present invention. Advantageously, the gate dielectric 120/ 
122 or 120/120' materials are selected to achieve the desired 
work function of the PMOS or NMOS device, so that a 
symmetric threshold voltage V, is achieved for the multiple 
gate CMOS device. For example, in one embodiment, the first 
material 120 and the third material 120' preferably comprise 
a hafnium-containing material, to pin the work function of the 
NMOS device, and the second material 122 preferably com 
prises an aluminum-containing material to form a cap layer 
for the first material 120 of the PMOS device, pinning the 
work function of the PMOS device. 

0054. In one embodiment, for example, the transistor in 
the first region 104 comprises a PMOS transistor, and the 
transistor in the second region 106 comprises an NMOS 
transistor. The PMOS transistor preferably comprises a first 
workfunction of about 4.7 to 5.6 eV, and the NMOS transistor 
preferably comprises a second work function of about 3.6 to 
4.5 eV. The first work function and the second work function 
are preferably the same predetermined amount of eV away 
from a mid-gap work function of about 4.6 eV. in one embodi 
ment, for example. The gate dielectric materials 120 and 122 
of the PMOS transistor in the first region 104 establish a first 
work function of the PMOS transistor, and the gate dielectric 
materials 120 and 120' establisha second work function of the 
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NMOS transistor in the second region 106. The second work 
function is preferably different than the first work function, in 
Some embodiments. 

0055. Note that in FIGS. 2 and 3, the hard mask 124 covers 
the PMOS device region in the first region 104 while the 
second material 122 is removed from over the NMOS device 
region in the second region 106. Alternatively, the hard mask 
124 may be used as a mask in the NMOS device region 
(second region 106) while the second material 122 is removed 
from over the PMOS device region (first region 104). The 
third material 120' would be deposited over the first material 
120 in the first region 104, in this embodiment, not shown. 
0056. In another embodiment, not shown in the figures, 
rather than depositing the third material 120', after removing 
the second material 122 from the second region 106, the gate 
material 126 is deposited over the second material 122 in the 
first region 104 and over the first material 120 in the second 
region 106. In this embodiment, the gate dielectric of the 
transistor in the first region 104 includes the first material 120 
and the second material 122, and the gate dielectric of the 
transistor in the second region 106 includes only the first 
material 120, for example. Thus, the gate dielectric materials 
of the transistors in the first and second regions 104 and 106 
are different and have different thicknesses, for example. 
0057 Another preferred embodiment of the present inven 
tion is shown in FIG. 6. In this embodiment, referring again to 
FIG. 3, with the hard mask 124 left remaining over the first 
region 104, the second material 122 and also the first material 
120 are removed from over the workpiece 102 in the second 
region 106, as shown in FIG. 6. Then, a third material 120" is 
deposited over the workpiece 102, e.g., over the hard mask 
124 in the first region 104 and over the exposed buried oxide 
103 and fin structures 105 in the second region 106. The third 
material 120" preferably comprises a similar material as pre 
viously described for third material 120', although the thick 
ness may be increased, as shown, for example. The hard mask 
and third material 120" are then removed from over the work 
piece 102 in the first region 104. 
0058. In the embodiments shown in FIGS. 1 through 6, the 
gate dielectric 120/122 of the multiple gate PMOS transistor 
in the first region 104 and the gate dielectric 120/120' or 120" 
of the multiplegate NMOS transistor in the second region 106 
are formed before the gate material is deposited over the 
PMOS transistor and NMOS transistor. The PMOS transistor 
and NMOS transistor comprise the same gate material in 
these embodiments, e.g., materials 126 and optional 128 
comprise the material for the gate electrodes shown in FIG.5. 
However, in other embodiments, shown in FIGS. 7 through 
12 and FIGS. 13 through 17, the PMOS transistor and NMOS 
transistors may also comprise different gate electrode mate 
rials, to be described further herein. 
0059 Another preferred embodiment of the present inven 
tion is shown in FIGS. 7through 12. Like numerals are used 
for the various elements that were described in FIGS. 1 
through 6. To avoid repetition, each reference number shown 
in FIGS. 7through 12 is not described again in detail herein. 
Rather, similar materials x02, x20, X22, etc., are preferably 
used for the various material layers shown as were described 
for FIGS. 1 through 6, where x=1 in FIGS. 1 through 6 and 
x=2 in FIGS. 7through 12. As an example, the preferred and 
alternative materials and dimensions described for the first 
material 120, second material 122 and third materials 120' 
and 120" in the description for FIGS. 1 through 6 are prefer 
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ably also used for the first material 220, second material 222, 
and third materials 220' and 220", respectively, in FIGS. 7 
through 12. 
0060. After the first material 220 and second material 222 
are deposited over the buried oxide layer 203 and the fin 
structures 205, a first gate material 226 is deposited over the 
second material 222, as shown in FIG. 7. A hard mask 230 
comprising similar materials and dimensions as described for 
hard mask 124 in FIGS. 2 through 6 is deposited over the first 
gate material 226, and the hard mask 230 is removed from 
over the second region 206 of the workpiece 202, as shown in 
FIG. 8. (Alternatively, the hard mask 230 may be removed 
from over the first region 204, not shown). The hard mask 230 
is then used as a mask while the first gate material 226 and the 
second material 222 are removed from over the second region 
206, also shown in FIG.8. Then, the third material 220' is 
deposited over the hard mask 230 in the first region 204 and 
over the first material 220 in the second region 206, as shown 
in FIG. 9. A second gate material 232 is then deposited over 
the third material 220', as shown in FIG. 10. 
0061 Advantageously, the second gate material 232 may 
comprise a different material than the first gate material 226 
in this embodiment, which allows the tuning of the properties 
of the transistors even further, to achieve the desired work 
function and/or threshold voltage for the multiple gate PMOS 
and NMOS transistors, for example. However, alternatively, 
the second gate material 232 may comprise the same material 
as the first gate material 226 in this embodiment, for example. 
0062 Next, the hard mask 230 is removed, also removing 
the third material 220' and the second gate material 232 in the 
first region 204, e.g., in a lift-off technique, as shown in FIG. 
11. An optional additional gate material 228 (e.g., a third gate 
material comprising polysilicon or other semiconductor 
material; this gate material 228 preferably comprises similar 
materials and dimensions as described for second gate mate 
rial 128 in FIG. 5, for example) may then be deposited over 
the first gate material 226 and the second gate material 232, as 
shown in FIG. 11. The gate material layers and gate dielectric 
material layers are then patterned to form a multiple gate 
CMOS device comprising a PMOS device in the first region 
204 and an NMOS device in the second region 206 of the 
workpiece, as previously described herein. 
0063. A multiple gate PMOS device formed in the first 
region 204 comprises a gate dielectric comprising the first 
material 220 and the second material 222, and a multiple gate 
NMOS device formed in the second region 206 comprises a 
gate dielectric comprising the first material 220 and the third 
material 220". The PMOS device comprises two gate elec 
trodes comprising the first gate material 226, and the NMOS 
device comprises two gate electrodes comprising the second 
gate material 232. 
0064. In one embodiment (not shown in the figures), after 
removing the first gate material 226 and the second material 
222 from over the second region 206, a third material is not 
deposited. Rather, the second gate material 232 is deposited 
directly over the first material 220 in the second region 206. In 
this embodiment, a multiple gate PMOS device formed in the 
first region 204 comprises a gate dielectric comprising the 
first material 220 and the second material 222, and a multiple 
gate NMOS device formed in the second region 206 com 
prises a gate dielectric comprising only the first material 220, 
for example. 
0065 FIG. 12 shows an alternative embodiment, wherein 
when the mask 230 is in place over the first region 204, the 
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first material layer 220 is also removed from over the second 
region 206, similar to the embodiment shown in FIG. 6. A 
third material layer 220" is deposited over the hard mask 230 
in the first region 204 and over the exposed buried oxide 203 
and fin structures 205 in the second region 206, as shown in 
FIG. 12. The second gate material 232 is then deposited over 
the third material layer 220", also shown in FIG. 12. The hard 
mask 230 is then removed, also removing the third material 
220" and second gate material 232 from over the first region 
204 of the workpiece 202. The optional additional gate mate 
rial 228 (not shown in FIG. 12; see FIG. 11) may then be 
deposited over the structure, and the gate material layers and 
gate dielectric material layers are then patterned to form a 
multiplegate CMOS device, as previously described herein. 
0066. In this embodiment, a multiple gate PMOS device 
formed in the first region 204 comprises a gate dielectric 
comprising the first material 220 and the second material 222, 
and a multiple gate NMOS device formed in the second 
region 206 comprises a gate dielectric comprising the third 
material 220". The PMOS device comprises two gate elec 
trodes comprising the first gate material 226, and the NMOS 
device comprises two gate electrodes comprising the second 
gate material 232. Advantageously, the second gate material 
232 may be the same material as, or may comprise a different 
material than, the first gate material 226. 
0067 FIGS. 13 through 17 show cross-sectional views of 
a semiconductor device at various stages of manufacturing in 
accordance with another embodiment of the present inven 
tion. Again, like numerals are used for the various elements 
that were described in FIGS. 1 through 6 and FIGS. 7through 
12, and to avoid repetition, each reference number shown in 
FIGS. 13 through 17 is not described again in detail herein. 
Rather, similar materials x02, x20, X22, etc., are preferably 
used for the various material layers shown as were described 
for FIGS. 1 through 6, and 7 through 12, where x=1 in FIGS. 
1 through 6, X=2 in FIGS. 7 through 12, and x=3 in FIG. 13 
through 17. 
0068 First, a first material 320 is formed over exposed 
portions of the buried oxide layer 303 of the workpiece 302 
and over the fin structures 305 formed in both the first region 
304 and the second region 306 of the workpiece 302, as 
shown in FIG. 13. Then a first gate material 326 is formed 
over the first material 320, as shown in FIG. 14. A hard mask 
334 is formed over the entire surface of the workpiece 302and 
is removed from over the second region 306 of the workpiece 
302, as shown in FIG. 14. The hard mask 334 preferably 
comprises similar materials and dimensions as described for 
hard mask 124 shown in FIGS. 2 through 6, for example. 
0069. Next, the first gate material 326 and the first material 
320 are removed from the second region 306 of the workpiece 
302, using an etch process and using the hard mask 334 as a 
mask to protect the first region 304, as shown in FIG. 15. A 
second material 322 is then deposited over the hard mask334 
in the first region 304 and over the exposed buried oxide layer 
303 and fin structures 305 in the second region 306, as shown 
in FIG. 16. A second gate material 332 is then deposited over 
the second material 322. The hard mask 334 is then removed 
from over the first region 304, also removing the second gate 
material 332 and the second material 322 from over the first 
region 304, leaving the structure shown in FIG. 17. The gate 
material layers 326 and 332 and gate dielectric material layers 
320 and 322 are then patterned to form a multiplegate CMOS 
device, as previously described herein. 
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(0070 A multiple gate PMOS device formed in the first 
region 304 comprises a gate dielectric comprising the first 
material 320, and a multiplegate NMOS device formed in the 
second region 306 comprises a gate dielectric comprising the 
second material 322. The second material 322 is preferably 
different than the first material 320. The PMOS device com 
prises two gate electrodes, e.g., on the sidewalls of the fin 
structures 305, comprising the first gate material 326, and the 
NMOS device comprises two gate electrodes comprising the 
second gate material 332, wherein the second gate material 
332 may be the same material as, or may comprise a different 
material than, the first gate material 326. 
(0071 FIG. 18 shows a finFET device in accordance with 
embodiments of the present invention, after the formation of 
upper metallization and insulating layers over the finFET 
device. FIG. 19 shows a fin structure of the finPET device 
shown in FIG. 18 in a view perpendicular to the view shown 
in FIG. 18. An NMOS finFET formed in region 306, e.g., of 
FIG. 17 is shown in FIGS. 18 and 19, for example. 
0072 The optional gate material layer 328 comprising 
polysilicon is shown in FIGS. 18 and 19, and a layer of silicide 
340 has been formed on top of the gate material layer orgate 
electrode 328. In another embodiment, the gate electrode 328 
may be fully isolated, and the layer of silicide 340 may be 
formed only on the source 305b and drain 305c, and in the 
contact holes (e.g., contact 346a) that make contact with the 
gate electrode 328. Portions of the fin structures 305 may be 
implanted with dopants to form source region 305b and drain 
region 305c, as shown in FIG. 19. A view of the channel305a 
disposed between the source region 305b and the drain region 
305c can also be seen in the view shown in FIG. 19, for 
example. The implantation steps to form the source and drain 
regions 305b and 305c may alternatively take place before the 
manufacturing process steps described herein, in some 
embodiments, for example. Spacers 351 and 352 comprising 
an insulating material Such as an oxide, nitride, or combina 
tions thereof, may be formed over the sidewalls of the gate 
electrodes 332/328 and hard mask 308/310/312, also shown 
in FIG. 19. An isolation region 350 may be formed between 
adjacent devices, as shown in FIG. 19. 
0073. An insulating layer 342 is deposited over the silicide 
340, and contacts 346a (FIGS. 18), 346b, and 346c (FIG. 19) 
are formed within the insulating layer 342 to make electrical 
contact to regions of the finFET device. Contact 346a shown 
in FIG. 18 provides electrical contact to the gate of the mul 
tiple gate device, e.g., making contact with a silicide material 
340 that is formed over the semiconductor material 328. 
Likewise, contact 346b in FIG. 19 provides electrical contact 
to the Source 305b via silicide 340 formed over the Source 
305b, and contact346c provides electrical contact to the drain 
302c via silicide 340 formed over the drain 308C. 

0074. Additional metallization (e.g., 348a, 348b, and 
348c) and insulating layers (e.g., 344) may be formed and 
patterned over the top Surface of the insulating material and 
contacts, such as conductive lines 348a, 348b, and 348c that 
make electrical contact to the contacts 346a, 346b, and 346c. 
Bond pads (not shown) may be formed over contacts, and a 
plurality of the semiconductor devices 300 may then be sin 
gulated or separated into individual die. The bond pads may 
be connected to leads of an integrated circuit package (also 
not shown) or other die, for example, in order to provide 
electrical contact to the multiple gate transistors of the semi 
conductor device 300. 
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0075 FIG. 20 shows a cross-sectional view of an embodi 
ment of the present invention implemented in a tri-gate tran 
sistor device. Again, like numerals are used in FIG.20 as were 
used in the previous figures, wherein x=4 in FIG. 20. In this 
embodiment, the insulating layers, e.g., layers 308/310/312 
shown in FIG. 17, are removed before the gate dielectric 
material 420 and 422 are deposited, to form multiple gate 
devices comprising three gate electrodes: one on each of the 
two sidewalls of the fin structures 405, and a third gate elec 
trode on the top of the fin. A PMOS tri-gate transistor may be 
formed in the first region 404, and an NMOS tri-gate transis 
tor may be formed in the second region 406, wherein the 
PMOS and NMOS tri-gate transistors comprise a CMOS 
device, for example. One fin structure, or two or more fin 
structures 405 may be configured in parallel to form a single 
PMOS or NMOS device, for example. In FIG. 20, the 
embodiment from FIGS. 13 through 17 is illustrated, wherein 
the PMOS device in the first region 404 comprises a gate 
dielectric comprising the first material 420, and wherein the 
NMOS device in the second region 406 comprises a gate 
dielectric comprising the second material 422. Likewise, the 
other embodiments shown in FIGS. 1 through 7 and 8 through 
12 may also be implemented in a tri-gate device, for example 
(not shown). 
0076. In one preferred embodiment, the gate dielectric of 
the multiple gate PMOS device preferably comprises a thin 
layer of a Fermi-pinning material Such as Al-O is disposed 
adjacent and abutting the gate electrode, disposed over a 
high-k dielectric material such as Hf), and the gate dielec 
tric of the multiple gate NMOS device comprises a single 
layer of high-k dielectric material. In this embodiment, for 
example, polysilicon or FUSI may be used as the gate elec 
trode while still achieving a symmetric V, and V, for the 
multiple gate CMOS device. In this embodiment, for the 
multiplegate PMOS transistor, a polysilicon-Al-O interface 
sets the work function in the P type regime, and for the 
multiple gate NMOS transistor, a polysilicon-Hf interface 
sets the work function in the N type regime, for example. 
0077 Preferably, in accordance with another embodiment 
of the present invention, the gate dielectric material for a 
multiplegate PMOS device comprises a Ptype material, such 
as Al, Y, combinations thereof, or other materials described 
herein, and the gate dielectric material for a multiple gate 
NMOS device comprises an N type material, such as Hf, La, 
or combinations thereof, or other materials described herein, 
for example. 
0078. Another preferred embodiment, shown in FIG. 21, 
comprises using a thin layer of silicon 560 to pin or set the 
work function of the PMOS and NMOS transistors of a mul 
tiple gate CMOS device. Again, like numerals are used in 
FIG. 21 as were used in the previous figures, wherein x=5 in 
FIG. 21. A thin layer of silicon 560 is formed over the gate 
dielectric materials (e.g., first material 520 in region 504, and 
second material 522 in region 506) before forming the gate 
materials (e.g., 526 in region 504 and 532 in region 506). The 
thin layer of silicon 560 may be formed by exposing the 
semiconductor device 500 to a silicon-containing substance 
such as silane (SiH), for example, although the thin layer of 
silicon 560 may also be formed by exposure to other sub 
stances, for example. In other embodiments, a silicon treat 
ment may be used to form bonds to a material in the high-k 
dielectric material of the gate dielectric 520 or 522, for 
example. If the gate dielectric material 520 or 522 comprises 
Hf, then the silicon treatment may result in the formation of 
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HfSibonds, for example. If the gate dielectric material 520 or 
522 comprises Al, then the silicon treatment may result in the 
formation of Al-Si bonds, as another example. 
(0079. The thin layer of silicon 560 may comprise a few 
monolayers, e.g., about 1 to 10 monolayers of silicon, in one 
embodiment. The silicon layer 560 may also comprise a sub 
monolayer, e.g., the silicon layer 560 may not fully cover the 
top surface of the first material 520 and second material 522. 
The silicon layer 560 may comprise a thickness of about 30 A 
or less, for example, although alternatively, the silicon layer 
560 may comprise other dimensions. The silicon-containing 
substance used to form the thin layer of silicon 560 may 
comprise silane gas, e.g., SiH4. In other embodiments, the 
silicon-containing substance may comprise SiCl, or SiN 
(CH)CHs as examples. Alternatively, the silicon-con 
taining Substance may comprise other materials, for example. 
In one embodiment, the silicon layer 560 is formed by expos 
ing the first material 520 and second material 522 to silane gas 
for about 5 minutes or less at a temperature of about 300 to 
500 degrees C., for example. Alternatively, the silicon layer 
560 may beformed at other temperatures and lengths of time, 
for example. 
0080. In FIG. 21, the embodiment from FIGS. 13 through 
17 is illustrated, wherein the PMOS device in the first region 
504 comprises a gate dielectric comprising the first material 
520, and wherein the NMOS device in the second region 506 
comprises a gate dielectric comprising the second material 
522. Likewise, a thin layer of silicon 560 may be formed 
between the gate dielectric material and the gate electrode 
materials in the other embodiments shown in FIGS. 1 through 
7 and 8 through 12, for example (not shown). The thin layer of 
silicon 560 pins the work function of the transistors, for 
example. 
I0081 Advantageously, the novel silicon layer 560 formed 
over the first material 520 and the second material 522 bonds 
to the underlying first material 520 and second material 522. 
When the gate material 526 and 532 is formed over the silicon 
layer 560, the silicon layer 560 bonded to the underlying first 
material 520 pins the work function of the gate material 526 
in the first region 504 to a value close to or a predetermined 
amount away from a mid-gap work function. In one embodi 
ment, the silicon layer 560 preferably pins the work function 
of the gate material 526 in the first region 504 to P type, which 
is desirable for a PMOS transistor. The silicon layer 560 in the 
first region 504 preferably sets the surface Fermi-levels of the 
top surface of the first material 520 to P type, for example. 
I0082. The silicon layer 560 bonded to the underlying sec 
ond material 522 pins the work function of the gate material 
532 in the second region 506 to a value close to or a prede 
termined amount away from a mid-gap work function. Thus, 
the silicon layer 560 preferably pins the work function of the 
gate material 532 in the second region 506 to N type, which is 
desirable for an NMOS transistor. The silicon layer 560 in the 
second region 506 preferably sets the surface Fermi-levels of 
the top surface of the second material 522 to N type, for 
example. 
I0083. The silicon layer 560 chemically treats the surface 
of the underlying first material 520 and second material 522 to 
create bonds that will set the surface work function. The 
Fermi-level state after the silicontreatment is a function of the 
parameters of the silicon-containing Substance treatment, 
e.g., exposure time, pressures, and flow rate. These and other 
parameters of the silicon-containing Substance exposure may 
be varied to tune the work function and achieve the desired V, 
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levels, for example. After the Fermi-levels of the top surface 
of the first material 520 and second material 522, e.g., the gate 
dielectric materials, are set, the V, and hence, the V/V, of 
the device 500 is determined. Advantageously, because the 
silicon layer 560 is thin, e.g., a few monolayers or a sub 
monolayer thick, the effective oxide thickness (EOT) of tran 
sistors formed in the first region 504 and the second region 
506 is not substantially increased. 
0084. Referring again to FIG. 17, in some embodiments, 
the first material 320 comprising the first gate dielectric mate 
rial of a PMOS device in the first region 304 preferably 
comprises a first element, and the second material 322 com 
prising the second gate dielectric material of an NMOS 
device in the second region 306 preferably comprises a sec 
ond element, wherein the second element is different from the 
first element. The first material 320 is preferably a P type 
material, and the second material 320 is preferably an N type 
material, for example. 
0085. In this embodiment, the first gate dielectric material 
320 preferably comprises a first element comprising Al, Y. Sc, 
Lu, Lr, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, 
Zr, or Yb, as examples, although alternatively, the first ele 
ment may comprise other elements. The first element may 
comprise an element from Column IIIb of the Periodic Table, 
a Lanthanoid from the Periodic table, Al or an Al-containing 
material, as examples. In one embodiment, e.g., when the first 
transistor in the first region 304 comprises a multiple gate 
PMOS transistor, the first gate dielectric material 320 prefer 
ably comprises a Y-containing insulating material or an Al 
containing insulating material, for example. These materials 
are particularly beneficial for tuning or shifting the flatband 
voltage V of the multiple gate PMOS transistor, and thus 
provide tunability of the V, of the multiple gate PMOS tran 
sistor in the first region 304, for example. The other types of 
first elements described herein are also preferably adapted to 
provide the ability to tune the V, of the multiple gate PMOS 
transistor in the first region 304 by varying the amount of the 
first element in the first gate dielectric material 320, for 
example. In one embodiment, the first gate dielectric material 
320 preferably comprises an Al-containing insulating mate 
rial, a Y-containing insulating material, or a combination 
thereof, for example. 
I0086. In one embodiment, the first gate dielectric material 
320 preferably comprises a fourth material comprising a first 
element (e.g., Such as Y. Al, or the other elements previously 
described herein) combined with a fifth material, such as Hf, 
Zr, Ta, Ti, Al, or Si, and also combined with either O, N, or 
both O and N. In another embodiment, the first gate dielectric 
material 320 preferably comprises a fourth material compris 
ing the first element, a fifth material comprising Hf, Zr, Ta,Ti, 
Al, or Si, and also either O, N, or both O and N, and further 
comprising a sixth material. Such as Ti, Sr., or Sc. As 
examples, the first gate dielectric material 320 may comprise 
YHfO, YHfTiO, or AlO, although alternatively, the first gate 
dielectric material 320 may comprise other materials. The 
first gate dielectric material 320 may comprise about 5 to 95% 
of the fifth material and about 95 to 5% of the fourth material. 
Note that the fourth material is also referred to hereinas a first 
material, the fifth material is also referred to herein as a 
second material, and the sixth material is also referred to 
herein as a third material, (e.g., in the claims). 
0087 Also, in this embodiment, the second gate dielectric 
material 322 of the multiple gate NMOS device preferably 
comprises a second element comprising Hf, La, Sc.Y. Lu, Lr, 
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Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Zr, or Yb, as 
examples, although alternatively, the second element may 
comprise other elements. The second element may comprise 
an element from Column Mb of the Periodic Table, or a 
Lanthanoid from the Periodic Table, as examples. In one 
embodiment, the second gate dielectric material 322 prefer 
ably comprises an La-containing insulating material, an Hf 
containing insulating material, or a combination thereof, for 
example. 
I0088 Advantageously, for the multiple gate NMOS tran 
sistor in region 306, if the second gate dielectric material 322 
comprises La, then the La shifts the flatband Voltage V of 
the multiple gate NMOS transistor, allowing tunability of the 
threshold voltage V. The other types of second elements of 
the second gate dielectric material 322 described herein also 
are preferably adapted to tune the V, of the multiple gate 
NMOS transistor in the second region 306, for example. 
I0089. In one embodiment, the second gate dielectric mate 
rial 322 preferably comprises a fourth material such as the 
second element combined with a fifth material, such as Hf, Zr, 
Ta, Ti, Al, or Si, and also combined with either O, N, or both 
O and N. In another embodiment, the second gate dielectric 
material 322 preferably comprises a fourth material compris 
ing the second element, a fifth material comprising Hf, Zr, Ta, 
Ti, Al, or Si, and also either O, N, or both Oand N, and further 
comprising a sixth material. Such as Ti, Sr., or Sc. As 
examples, the second gate dielectric material 322 may com 
prise LaHfC) or LaHfTiO, although alternatively, the second 
gate dielectric material 322 may comprise other La-contain 
ing insulating materials or second element-containing mate 
rials. The second gate dielectric material 322 may comprises 
about 5 to 95% of the fifth material and about 95 to 5% of the 
fourth material. Note that the fourth material is also referred 
to hereinas a first material, the fifth material is also referred to 
herein as a second material, and the sixth material is also 
referred to herein as a third material, (e.g., in the claims). 
0090. In another embodiment, the concentration of the 
first element, such as A1 or Y, in the multiple gate PMOS 
transistor gate dielectric material 320, and the concentration 
of the second element, Such as La or Hf, in the multiple gate 
NMOS transistor gate dielectric 322, may be varied to tune 
the CMOS transistors so that the threshold voltages V, are 
symmetric. 
0091. In another embodiment, preferably, the first element 
of the first dielectric material 320 of the multiplegate PMOS 
transistor in the first region 304 does not comprise an N type 
material such as La or Hf, and the second element of the 
second dielectric material 322 of the multiple gate NMOS 
transistor in the second region 306 does not comprise a P type 
material such as A1 or Y, for example. 
0092. In some embodiments, if the first gate material 326 
comprises a semiconductor material and the second gate 
material 332 comprises a semiconductive material (see FIG. 
17), then the first gate material 326 (e.g., for the PMOS 
device) may be doped with an in type dopant Such as AS, P, Sb, 
or Bi, as examples. The second gate material 332, e.g., for the 
multiple gate NMOS device, may be doped with a p type 
dopant, Such as B, Al. Ga, In, or Tl, or an in type dopant, for 
example. Doping the gate materials makes the gate material 
more conductive, for example, and also reduces or avoids a 
polysilicon depletion effect in the multiple gate transistors, 
advantageously. 
0093. In other embodiments, if the first gate material 322 
and the second gate material 326 comprise a conductor or a 
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metal, materials may also be implanted into the gate materials 
322 and 326. For example, the first gate material 322 and/or 
the second gate material 326 may comprise Mo, and N may be 
implanted into the Mo. Alternatively, the first gate material 
322 and/or the second gate material 326 may comprise TiN. 
and Si may be implanted into the TiN. The first gate material 
322 and/or the second gate material 326 may alternatively 
comprise other metals implanted with other materials, for 
example. The implantation steps into the gate materials in 
these embodiments may decrease the resistance of the gate 
materials 322 and 326, for example. 
0094 Preferably, in some embodiments, the gate dielec 
trode materials and other parameters are selected so that a 
work function shift of at least 200 mV is achieved, in some 
embodiments, for example, although alternatively, other 
work function shifts may beachieved. In other embodiments, 
for example, a mid-gap band of about 4.6 eV+/- about 0.1 to 
1V may beachieved, for example. Advantageously, the mate 
rials of the gate dielectrics of the transistors, and/or the use of 
the thin layer of silicon, are varied and tuned to adjust the 
workfunction to the desired value, so that a symmetric thresh 
old voltage is achieved for the PMOS and NMOS transistors 
of a CMOS device, in accordance with embodiments of the 
present invention. 
0095. In yet another embodiment, only one type of gate 
dielectric material may be deposited over the fin structures 
305, and one region, e.g., either the first region 304 or the 
second region 306, are implanted with a dopant to alter the 
gate dielectric material in that region 304 or 306. For 
example, in FIG. 13, rather than depositing a gate material 
326 as shown in FIG. 14, a hard mask such as 334 shown in 
FIG. 14 may be deposited directly over the gate dielectric 
material 320 (also referred to herein as a first material 320) in 
the second region 306. The first material in the first region304 
that is unmasked is then implanted with a dopant, to form a 
second material in the first region 304 (e.g., such as material 
322 shown in FIG. 16 in the second region 306—the second 
gate material would not be present in this embodiment), leav 
ing the first material 320 in the second region 306 unchanged 
(not shown in the drawings). 
0096. In this embodiment, advantageously, a single layer 
of gate dielectric material 320 and a single layer of gate 
material, e.g., Such as gate material 126 in FIG. 5, are required 
to be deposited over the fin structures 105/305 of the work 
piece, reducing the number of manufacturing process steps, 
for example. The gate dielectric material is altered in one 
region by implanting the dopant so that the gate dielectrics of 
the transistors are different. 

0097. In this embodiment, the gate dielectric material 
(e.g., 320 in FIG. 14) preferably comprises Hf(), HfSiO, 
Al-O, ZrO. ZrSiO, Ta-Os, La-O, nitrides thereof. SiN 
SiON. SiO, or combinations thereof, for example, although 
alternatively, the gate dielectric material 320 may comprise 
other materials, such as the materials previously described 
herein. The gate dielectric material 320 may comprise a thick 
ness of a few hundred Angstroms or less, for example. The 
gate material 320 may comprise a semiconductor material or 
a metal, for example. For example, the gate material (e.g., 126 
in FIG. 5) may comprise polysilicon, other semiconductor 
materials, TiN, TiCN, TiSiN, HfN, TaN, TaCN, W, Al, Ru, 
RuTa, TaSiN, NiSi, CoSi, TiSi, Ir, Y, Pt, Ti, PtTi, Pd, Re, 
Rh, (borides, phosphides, or antimonides of Ti), Hf, Zr, 
TiAIN, Mo, MoN, ZrSiN, ZrN, HfN, HfSiN, WN, Ni, Pr, VN, 
TiW, a fully silicided gate material (FUSI), other metals, 
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and/or combinations thereof, or other materials, such as the 
materials previously described herein, as examples. 
0098. In this embodiment, a Fermi-pinning material is 
preferably implanted in the first region 304 where a multiple 
gate PMOS transistor will be formed. Preferably, the Fermi 
pinning material is implanted in the first region 304 but not in 
the second region 306, as shown. For example, the gate 
dielectric material and/or gate material may be covered with 
photoresist or an insulating material during the implantation 
process. Implanting the Fermi-pinning material may com 
prise implanting aluminum, for example, although alterna 
tively, the implanted Fermi-pinning may comprise other 
Fermi-pinning materials. 
0099. The Fermi-pinning material may be implanted after 
the gate material is deposited, for example, or before the gate 
material is deposited. If the gate material is deposited first, 
then preferably, the Fermi-pinning material is implanted into 
at least the gate material over the first region 304 of the 
workpiece 302. For example, in another embodiment, the 
Fermi-pinning material is preferably also implanted into atop 
surface of the gate dielectric material in the first region 304. 
0100 Because the Fermi-pinning material is implanted 
into the first region 304 and not the second region 306 of the 
workpiece 402, the gate material and/or gate dielectric mate 
rial for the first region 304 and second region 306 are now 
advantageously different, producing a novel multiple gate 
CMOS device having different gate dielectric materials and a 
symmetric V, for a multiple gate PMOS transistor and mul 
tiplegate NMOS transistor, as shown in FIGS. 9 and 10. This 
embodiment is advantageous in that the number of lithogra 
phy masks required to manufacture the semiconductor device 
300 is further reduced. 

0101 Another embodiment of the present invention 
includes a semiconductor device and a method of manufac 
turing the same, wherein a first multiple gate transistor com 
prises a first gate dielectric material, and a second multiple 
gate transistor proximate the first transistor comprises a sec 
ond gate dielectric material, wherein the second gate dielec 
tric material is different than the first gate dielectric material. 
Either the first gate dielectric material, the second gate dielec 
tric material, or both the first gate dielectric material and the 
second gate dielectric material have a dielectric constant of 
about 4.0 or greater. Either the first gate dielectric material, 
the second gate dielectric material, or both the first gate 
dielectric material and the second gate dielectric material 
preferably comprise a Fermi-pinning material. The Fermi 
pinning material preferably comprises Hf, La, Al, Y. Sc, Lu, 
Lr, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Zr, Yb, 
or combinations thereof, as examples, although the first gate 
dielectric material and/or second gate dielectric material may 
also include other materials. 

0102 The Fermi-pinning material of the first gate dielec 
tric material and/or second gate dielectric material may be 
implanted or deposited, for example. In some embodiments, 
the first multiple gate transistor comprises a plurality of gate 
electrodes proximate the first gate dielectric material, and the 
Fermi-pinning material is implanted into at least the plurality 
of gate electrodes, e.g., the Fermi-pinning material may also 
be implanted into the first gate dielectric material. In some 
embodiments, the Fermi-pinning material may be implanted 
into the second gate dielectric material, but not the first gate 
dielectric material. For example, a single type of dielectric 
material may be deposited over both the first multiple gate 
transistor and the second multiple gate transistor, and the 
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single type of dielectric material is altered over the second 
multiple gate transistor by implanting the Fermi-pinning 
material into the single type of dielectric material over the 
second multiple gate transistor, but not the first multiple gate 
transistor. In yet another embodiment, one type of Fermi 
pinning material may be implanted into the dielectric material 
in one region, and different type of Fermi-pinning material 
may be implanted into another region, for example. 
0103 Experimental results have shown that a multiple 
gate transistor having a gate dielectric comprising HfC) and a 
gate electrode comprising polysilicon have an effective work 
function of 4.2 eV, and thus, this material combination is a 
preferred embodiment for a multiple gate PMOS device. 
Experimental results have also shown that a multiple gate 
transistor having a gate dielectric comprising Al-O and a 
gate electrode comprising polysilicon have an effective work 
function of 4.8 eV, and thus, this material combination is a 
preferred embodiment for a multiple gate NMOS device. The 
same gate dielectric materials used with a gate electrode 
comprising TiN were found to have an effective work func 
tion of about 4.4 eV and 4.7 eV, respectively, for HfC), and 
Al-O gate dielectric materials, and thus, these material com 
binations are also preferred embodiments for a PMOS and 
NMOS device, respectively, as another example. LaO, and 
YO, are also preferred gate dielectric materials for a multiple 
gate PMOS and NMOS device, respectively, as another 
example. Other material combinations may also be used, as 
described previously herein. 
01.04 Novel multiple gate CMOS devices are formed 
using the novel manufacturing methods described herein. The 
multiple gate CMOS device have a symmetric threshold volt 
age, e.g., for the PMOS and NMOS transistors. For example, 
V may be about -0.2 to -5 V, and V, may be the substan 
tially the same positive value, e.g., about +0.2 to +5 V). 
Several methods of manufacturing multiple gate CMOS 
devices are disclosed, wherein the gate dielectric material of 
the multiple gate PMOS device is different than the gate 
dielectric material for the multiple gate NMOS device. 
Another advantage of having different gate dielectric materi 
als for the multiple gate NMOS and PMOS transistors 
described herein is providing the ability to optimize electron 
and hole mobility more easily, using two different gate dielec 
tric materials. 

0105 Embodiments of the present invention utilize an 
understanding of materials, e.g., such as that Si-Alpins to 
p-type and Si-Hf pins to n-type, to take advantage of the 
Fermi-pinning effect, rather than trying to solve the effect or 
work around it. The threshold voltage V, is decreased and the 
flat band voltage is easy to tune. Embodiments of the inven 
tion may utilize high-k dielectric materials as the gate dielec 
tric for multiple gate transistors, using polysilicon, metal, or 
FUSI gate electrodes. The metal gate electrodes of the mul 
tiple gate transistors may comprise either single metal or 
dual-work function metals, e.g., the gate electrode for the 
multiple gate PMOS and NMOS transistors may be the same 
material or different materials. 

0106 Although embodiments of the present invention and 
their advantages have been described in detail, it should be 
understood that various changes, Substitutions and alterations 
can be made herein without departing from the spirit and 
scope of the invention as defined by the appended claims. For 
example, it will be readily understood by those skilled in the 
art that many of the features, functions, processes, and mate 
rials described herein may be varied while remaining within 
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the scope of the present invention. Moreover, the scope of the 
present application is not intended to be limited to the par 
ticular embodiments of the process, machine, manufacture, 
composition of matter, means, methods and steps described in 
the specification. As one of ordinary skill in the art will 
readily appreciate from the disclosure of the present inven 
tion, processes, machines, manufacture, compositions of 
matter, means, methods, or steps, presently existing or later to 
be developed, that perform substantially the same function or 
achieve Substantially the same result as the corresponding 
embodiments described herein may be utilized according to 
the present invention. Accordingly, the appended claims are 
intended to include within their scope Such processes, 
machines, manufacture, compositions of matter, means, 
methods, or steps. 

What is claimed is: 
1. A method of manufacturing a semiconductor device, the 

method comprising: 
forming a first multiplegate transistor comprising a PMOS 

transistor, the first multiple gate transistor comprising a 
first gate dielectric material and first gate electrodes 
proximate the first gate dielectric material, wherein the 
first gate electrodes are doped n-type by implanting a 
n-type dopant; and 

forming a second multiple gate transistor comprising a 
NMOS transistor proximate the first multiple gate tran 
sistor, the second multiple gate transistor comprising a 
second gate dielectric material and second gate elec 
trodes proximate the second gate dielectric material, 
wherein the second gate dielectric material is different 
than the first gate dielectric material, and wherein either 
the first gate dielectric material, the second gate dielec 
tric material, or both the first gate dielectric material and 
the second gate dielectric material have a dielectric con 
stant of about 4.0 or greater. 

2. The method according to claim 1, wherein either the first 
gate dielectric material, the second gate dielectric material, or 
both the first gate dielectric material and the second gate 
dielectric material comprise a Fermi-pinning material. 

3. The method according to claim 2, wherein the Fermi 
pinning material comprises Hf, La, Al, Y. Sc, Lu, Lr, Ce, Pr, 
Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Zr, Yb, or combi 
nations thereof. 

4. The method according to claim 1, wherein the first 
multiple gate transistor comprises a plurality of gate elec 
trodes proximate the first gate dielectric material, further 
comprising implanting a Fermi-pinning material into at least 
the plurality of gate electrodes. 

5. The method according to claim 1, whereinforming the 
first multiple gate transistor and forming the second multiple 
gate transistor comprise forming a plurality offin structures, 
depositing a single layer of gate dielectric material over the 
plurality of fin structures, and implanting a Fermi-pinning 
material into the single layer of gate dielectric material of the 
first multiple gate transistor, but not into the single layer of 
gave dielectric material of the second multiplegate transistor. 

6. The method according to claim 1, wherein the first 
multiple gate transistor comprises a plurality of first gates 
proximate the first gate dielectric material, further compris 
ing a first thin layer of silicon disposed between the first gate 
dielectric material and the plurality of first gates; and wherein 
the second multiple gate transistor comprises a plurality of 
second gates proximate the second gate dielectric material, 
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further comprising a second thin layer of silicon disposed 
between the second gate dielectric material and the plurality 
of second gates. 

7. The method according to claim 1, wherein implanting a 
n-type dopant comprises implanting AS, P, Sb, or Bi. 

8. The method according to claim 1, wherein the second 
gate electrodes are doped p-type by implanting a p-type 
dopant, 

9. The method according to claim 8, wherein implanting a 
p-type dopant comprises implanting B, Al. Ga, In, or Tl. 

10. A method of manufacturing a semiconductor device, 
the method comprising: 

forming a PMOS transistor, the PMOS transistor including 
at least two first gate electrodes, a first gate dielectric 
being disposed proximate each of the at least two first 
gate electrodes, the first gate dielectric comprising a first 
gate dielectric material, wherein the at least two first gate 
electrodes are doped n-type by implanting a n-type 
dopant; and 

forming a NMOS transistor proximate the PMOS transis 
tor, the NMOS transistor including at least two second 
gate electrodes, a second gate dielectric being disposed 
proximate each of the at least two second gate elec 
trodes, the second gate dielectric comprising a second 
gate dielectric material, wherein the second gate dielec 
tric material is different than the first gate dielectric 
material. 

11. The method according to claim 10, further comprising 
forming a third material over the first material of the NMOS 
transistor, wherein the first material and the second material 
comprise the first gate dielectric material of the PMOS tran 
sistor, and wherein the first material and the third material 
comprise the second gate dielectric material of the NMOS 
transistor. 

12. The method according to claim 10, whereinforming the 
PMOS transistor and forming the NMOS transistor comprise 
forming at least one fin structure, the at least one fin structure 
comprising channels of the PMOS transistor and the NMOS 
transistor, further comprising forming a first material over the 
at least one structure, forming a second material over the first 
material, removing the second material and the first material 
from overtheat least one fin structure of the NMOS transistor, 
and forming a third material over the at least one fin structure 
of the NMOS transistor, wherein the first material and the 
second material comprise the first gate dielectric material of 
the PMOS transistor, and wherein the third material com 
prises the second gate dielectric material of the NMOS tran 
sistor. 

13. The method according to claim 10, whereinforming the 
PMOS transistor and forming the NMOS transistor comprise 
forming at least one fin structure, the at least one fin structure 
comprising channels of the PMOS transistor and the NMOS 
transistor, further comprising forming a first material over the 
at least one fin structure, forming a second material over the 
first material, forming a first gate material over the second 
material, removing the first gate material and the second 
material from over the at least one fin structure of the NMOS 
transistor, forming a third material over the first material of 
the NMOS transistor, and forming a second gate material over 
the third material of the NMOS transistor, wherein the first 
material and the second material comprise the first gate 
dielectric material of the PMOS transistor, wherein the first 
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material and the third material comprise the second gate 
dielectric material of the NMOS transistor, wherein the at 
least two first gate electrodes of the PMOS transistor com 
prise the first gate material, and wherein the at least two 
second gate electrodes of the NMOS transistor comprise the 
second gate material. 

14. The method according to claim 10, whereinforming the 
PMOS transistor and forming the NMOS transistor comprise 
forming at least one fin structure, the at least one fin structure 
comprising channels of the PMOS transistor and the NMOS 
transistor, further comprising forming a first material over the 
at least one fin structure, forming a second material over the 
first material, forming a first gate material over the second 
material, removing the first gate material, the second mate 
rial, and the first material from over the at least one fin struc 
ture of the NMOS transistor, forming a third material over the 
at least one fin structure of the NMOS transistor, and forming 
a second gate material over the third material of the NMOS 
transistor, wherein the first material and the second material 
comprise the first gate dielectric material of the PMOS tran 
sistor, wherein the third material comprises the second gate 
dielectric material of the NMOS transistor, wherein the at 
least two first gate electrodes of the PMOS transistor com 
prise the first gate material, and wherein the at least two 
second gate electrodes of the NMOS transistor comprise the 
second gate material. 

15. The method according to claim 10, whereinforming the 
PMOS transistor and forming the NMOS transistor comprise 
forming a plurality offin structures, the plurality offin struc 
tures comprising channels of the PMOS transistor and the 
NMOS transistor, further comprising forming a first material 
over the plurality offin structures, forming a first gate mate 
rial over the first material, removing the first gate material and 
the first material from over the NMOS transistor, forming a 
second material over the fin structure of the NMOS transistor, 
and forming a second gate material over the second material, 
wherein the first material comprises the first gate dielectric 
material of the PMOS transistor, wherein the second material 
comprises the second gate dielectric material of the NMOS 
transistor, wherein the at least two first gate electrodes of the 
PMOS transistor comprise the first gate material, and wherein 
the at least two second gate electrodes of the NMOS transistor 
comprise the second gate material. 

16. The method according to claim 10, further comprising, 
before forming the PMOS transistor and forming the NMOS 
transistor: 

providing a workpiece, the workpiece comprising a sili 
con-on-insulator (SOI) substrate having a Substrate, a 
buried insulating layer disposed over the Substrate, and a 
layer of semiconductor material disposed over the bur 
ied insulating layer, the workpiece comprising a first 
region and a second region; 

forming at least one first fin structure within the layer of 
semiconductor material in the first region, the at least 
one first fin structure comprising a first sidewall and an 
opposing second sidewall; 

forming at least one second fin structure within the layer of 
semiconductor material in the second region, the at least 
one second fin structure comprising a first sidewall and 
an opposing second sidewall; 

forming the first gate dielectric material over at least the 
first and second sidewalls of the at least one first fin 
structure; and 
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forming the second gate dielectric material over at least the 
first and second sidewalls of the at least one second fin 
Structure. 

17. The method according to claim 16, further comprising: 
forming the at least two first gate electrodes over the first 

gate dielectric material; 
forming the at least two second gate electrodes over the 

second gate dielectric material; and 
treating the first gate dielectric material and the second gate 

dielectric material with a silicon-containing Substance 
before forming the at least two first gate electrodes over 
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the first gate dielectric material and before forming the at 
least two second gate electrodes over the second gate 
dielectric material. 

18. The method according to claim 10, wherein implanting 
a n-type dopant comprises implanting AS, P, Sb, or Bi. 

19. The method according to claim 10, wherein the at least 
two second gate electrodes are doped p-type by implanting a 
p-type dopant. 

20. The method according to claim 19, wherein implanting 
a p-type dopant comprises implanting B, Al. Ga, In, or Tl. 

c c c c c 


